Background: Magnetic resonance imaging (MRI) is a useful non-invasive tool for evaluating abnormalities of intervertebral discs. However, there are few studies which applied functional MRI techniques to investigate degenerative changes in cervical and cervicothoracic junction (CTJ) spine among adults. The aim of this study was to compare T2 relaxation time measurement evaluation with morphological grading for assessing cervical and CTJ intervertebral discs (IVD) in the patients suffering neck, shoulder, and upper back pain. Methods: Sixty-three patients (378 IVDs) and 60 asymptomatic volunteers (360 IVDs) of the cervical and CTJ discs were assessed using a 3.0 T magnetic resonance imaging (MRI) protocol, including an sagittal T2 relaxation time protocol. The relaxation time values of the nucleus pulposus (NP) were recorded and all discs were visually graded according to Pfirrman's grading system. The correlation between T2 relaxation time values and qualitative clinical grading of degeneration, patient age, sex and anatomic level were analyzed Results: There is a clear trend of decreasing mean T2 values of the NP associate with increasing Pfirrmann grades (C2-T1) for both patients and asymptotic volunteers. Significant T2 differences were seen among grades I-V (P < 0.05). However, grade V was not observed in the CTJ. Linear correlation analysis revealed a strong negative association between T2 values of the NP and Pfirrmann grade (r = −0.588, r = −0.808) of C2-7 and C7T1. Age were also significantly correlated NP T2 values (r = −0.525, r = −0.723) for patients and volunteers. Moreover, the receiver operating characteristic analysis for average measures in a range from 0.70-0.79 (C2-7) to 0.84-0.89 (C7T1) for patients. Conclusions: T2 quantitation provides a more sensitive and robust approach for detecting and characterizing the early stage of IVD degeneration and age-associated disc changes.
Background
Cervical intervertebral disc (IVD) degeneration changes range from 5% to 10% in people between the ages of 20 and 30 years, to more than 50% by 45 years of age. Approximately, 90% of men over the age of 50 and 90% of women over the age of 60 have radiographic evidence of cervical spondylosis [1] . Although there are many factors that can cause chronic neck, shoulder, and upper back pain [2, 3] , degeneration of the cervical spine is the most common condition contribution. Moreover, a degenerative IVD in the cervicothoracic junction (CTJ) can also result in above syndromes [4] .
Magnetic resonance imaging (MRI) is a promising non-invasive examining tool for evaluating abnormalities of IVD. Age and degeneration can be reflected by signal variation of the discs on T2-weighted images (T2WIs), which allows for the determination of degree of disc degeneration [5] . Specifically, changes in MRI signal strength, which related to water and proteoglycan (PG) content in the nucleus pulposus (NP), can indicate disc degeneration according to Pfirrmann grading system [5, 6] . However, a reliable quantification characterized by loss of water or PG in an intact disc is not provided in such system to evaluate the degenerative degree in early intervertebral disc degeneration (IVDD) stages.
Recently, several quantitative MRI techniques for evaluation of IVD have been used for evaluating disc degeneration [7] [8] [9] . In particular, The T2 relaxation time is the decay constant for T2 signal intensity (SI) in MRI which is an intrinsic property of the tissue reflecting the molecular environment created in the disc by water, proteins, fat, collagen, and other solutes [8] . Increased T2 relaxation times is associated with increased disc water or glycosaminoglycan content, the primary component of PG [8, 9] . A good correlation of T2 values and water content in lumbar IVD tissue has been the subject of many previous studies [10] [11] [12] [13] and has been widely validated. In cervical spine, our research firstly evaluated early cervical IVDD quantified by T2 values MRI in asymptomatic young adults [11] . The results in our study confirmed that T2 relaxation time can be potentially used as a clinical tool to identify early IVDD and to formalize a reliable quantitative scale. However, to our knowledge, there are few studies to investigate degenerative changes in cervical and CTJ spine of adults using this functional MRI technique.
Therefore, the purpose of this study was to use the quantitative T2 relaxation time measurement of 3.0 T MRI to evaluate the degree of cervical and CTJ degenerative IVDs, comparing with Pfirrmann grading in a larger cohort of young-to-middle-aged patients with neck, shoulder, and upper back pain.
Methods

Ethics statement and study sample
The study was approved by the institutional review board of the First Affiliated Hospital, Wenzhou Medical University and all participants provided written informed consent prior to enrollment. This study involved 63 patients (26 male, 37 female, average age, 39.88 ± 12.47 years; range: 20-76 Y/O., 378 discs in total) and 60 asymptomatic volunteers (32 male, 28 female; average age, 37.64 ± 10.65 years, range: 22-70 Y/O., 360 discs in total) in our initial study, who accepted MRI scan of their cervical spine from C2 to T1. They were consecutively recruited and evaluated from September 2014 to May 2015. The subjects were excluded if they had diabetes mellitus, major systemic disease, serious illness (e.g., tumor, infection), back surgery, spinal fractures, or osteoporosis. They consisted of patients with back pain and/or brachial plexus neuralgia. The following inclusion criteria was applied: the patients had significant neurological symptoms, which were defined as upper back pain for > 2 weeks and severe enough to require physician consultation or treatment, including neck or arm weakness, numbness, or tingling [14] . In parallel, inclusion criteria of asymptomatic volunteers referenced are reported by Pfirrmann et al. [5] , which observed the process of normal aging in the lumbar discs, as follows: 1) no upper back pain within the last 5 years, 2) never absent from work due to upper back pain or numbness, and 3) no history of consulting a physician due to upper back pain, arm weakness, numbness or tingling [11] .
MR image acquisition
A GE Signa HDx 3.0 T MRI machine (GE Healthcare, Milwaukee, WI, USA) with a spine coil was used for MRI scanning. All MR images in this study were obtained in the afternoon to minimize the diurnal variation of T2 values in the IVDs [15] . Sagittal T1-weighted fast spin echo (FSE), and sagittal, transversal, and axial T2-WIs-FSE sequences were used for morphological MRI. Table S1 ). Thereafter, a T2 map was generated on the midsagittal section, which was chosen from sagittal sections of cervical midline, by using the optimal T2 values obtained at a sequence of 8 echo multi-spin echo (TR/ first echo TE, last echo TE, 3000/8.5-67.9, RBW ±31.25 kHz, FOV 18 × 18 cm, matrix 256 × 160, slice thickness/gap 3 mm/0.5 mm, NEX 1, total scan time 4 min and 27 s). All T2 map images were generated on the Advantage Workstation (version 4.3, Functool; GE Healthcare, Milwaukee, WA, USA) [10] . However, the first echo from the multi-spin system was excluded to minimize the effect of the stimulated echo.
Image analysis
Evaluation of all morphological images were performed by two radiologists in consensus, one with more than 10 years of experience and a special interest in musculoskeletal radiology, and the other one with more than 20 years of experience in orthopedic radiology. Though challenging to appraise cervical or lumbar MRI [13] , no obvious transitional vertebrae were detected. For measurement, to evaluate regions of interest (ROIs) in a standardized and reproducible way, we decided to adopt a previous reported method [7, 16, 17] . By using T2-WI as reference, regions of interest (ROIs) were manually drawn over the T2 map of the discs by an orthopedic consultant (GJ) with 20 years' experience reading MRI images. The geometrical center of the ellipses were defined to the intervertebral area ROIs only included the NP area. All ROIs were selected on the morphological images and transferred via "copy and paste" into the T2 maps with areas of 9.25 ± 1.38 mm 2 to cover the NP using the software. All of data was measured by three times in order to reduce error. The exemplary Pfirrmann grades were shown in Fig. 1 .
Inter-and intraobserver analysis
The intra-and interobserver variability of the ROI evaluation was assessed. Two central sagittal slices of T2 map were evaluated as already described. The evaluation was performed by two independent observers with different skill levels (musculoskeletal radiologist with 15 years of experience [observer 1], orthopedic surgeon with 20 years of experience [observer 2]). In addition, observer A and B performed the same analysis twice, with an interval of one month, to test intraobserver agreement.
Statistical analysis
Statistical analysis and graph drawing were performed using SPSS 19.0 (SPSS Inc., Chicago, IL, USA). Descriptive statistical data are given as mean ± standard deviation (Mean ± SD). To evaluate the reliability of Pfirrmann grading, intraobserver and interobserver agreements were graded through Kappa statistics. The degree of internal consistency was considered as: strong consistency, k ≥ 0.7; moderate consistency, 0.7 ≥ k > 0.4; and weak consistency k ≤ 0.4. One-way ANOVA and Student Newman-Keuls test were used to detect the statistical differences of T2 values between different Pfirrmann grades. Additionally, Receiver operating characteristic (ROC) curves were plotted to test the sensitivity and specificity of T2 measures in assessment of Pfirrmann grade. Areas under the ROC curves were calculated. The statistical difference of T2 measures used to evaluate Pfirrmann grade was determined by U-test. All tests above were considered significant with P < 0.05. Tables 1 and 2 show the characteristics of all analyzed discs sorted by the Pfirrmann degeneration grade of C2-T1 of patients and asymptomatic volunteers, respectively. According to the Pfirrmann grades, 13 and 48 discs (3.43%, 13.33%) were classified as grade I, 117 and 84 discs (30.95%, 23.33%) as grade II, 142 and 107 discs 
Results
Morphological MRI findings
Inter-and intraobserver agreement
Regarding the Pfirrmann grading reproducibility by the 2 readers, the intraobserver test yielded k values ranging from 0.826 (p = 0.000) to 0.793 (P = 0.000), whereas the interobserver test produced k values of 0.757 (P = 0.000).
Results regarding pfirrmann classification
The mean value of T2 relaxation time at different regions of each Pfirrmann grade are presented in table 2  and table 3 . As to patients, in the NP of C2-T1, T2 values tended to decrease with increasing Pfirrmann grades, and T2 values were significantly different when comparing grades I to V (P < 0.01, Table 3 ). However, Pfirrmann grade V was not observed among C7T1 discs. Regarding the T2 values of NP, significance was detected between T2 values of asymptomatic volunteers in the different Pfirrmann grades ( Table 2 ). The Spearman correlation analysis indicated a strong negative correlation between the Pfirrmann grade and the T2 values of NP (r = −0.588; P = 0.000; r = −0.808, P = 0.000) of C2-7 and C7T1. Furthermore, significant correlation between age and T2 value of NP was demonstrated both in patient group (r = −0.525, P = 0.000) and volunteer group (r = −0.723, P = 0.000) . The overall mean value of T2 relaxation time of volunteer group was 59.65 ± 9.55 ms, which was significantly larger than its counterpart of patient group (46.19 ± 9.37 ms, 23.57% reduction, P < 0.01). Similarly, the mean value of T2 value of the 315 discs from patient group was significantly lower than that from volunteer group (57.02 ± 16.01 ms versus 68.71 ± 13.14 ms, 8.29% reduction, P < 0.05). At the same degeneration grade, the T2 values of patients were relatively smaller comparing to the T2 values of volunteers. As shown in table 4, the significant differences of sensitivity, specificity, area under the ROC curve (AUC) and T2 cut-off value between different Pfirrmann grades of C2-7 and C7T1, were demonstrated respectively (P < 0.05) by conducting U-test.
Discussion
In this prospective study, we developed and investigated an MRI method, applicable for conventional 3.0 Tesla units, for sagittal T2 mapping of cervical and CTJ IVDs in symptomatic patients and asymptomatic volunteers and then compared against the Pfirrmann grades which can be used in a clinical set-up. The results of this study suggest that negative correlations between T2 values and disc degeneration grades. More important, the results indicate that the IVDD of CTJ exist, range from grade I to IV. To the best of our knowledge, the present study is the first who use asymptomatic volunteers and symptomatic population to investigate the correlation between T2 [6, 8, 13, 14] . Additionally, T2 mapping MRI has greater advantages over other methods of detecting matrix content [18] . The T2 relaxation time is able to provide superior information of early molecular and physiological alterations in IVDs as follows: 1) improving identification of IVDD in its early stages; 2) evaluating outcomes of biological treatments and 3) implementing continuous quantitative assessments of IVDD [8, 9, 12] . With the development of IVD tissue engineering, the T2 values can be used to follow regenerative progress of the NP, non-invasively.
Most previous studies emphasized T2 changes in the lumbar IVDD without consideration of cervical and CTJ [4] . Only our previous study reported a decrease of NP T2 values in asymptomatic healthy young adults [10] . [10] . However, the T2 values of asymptomatic volunteers were relatively lager comparing with results in current study. The 3.0 T field used in the study and the different composition of subjects might contribute to the difference. The increase of regional T2 values will occur due to the magic angle effect when collagen fibers are oriented 54.7°relative to the orientation of the static magnetic field (B0) [19] . This effect can be shown inevitably in the annulus fibrosus, especially near its surface [20] . In view of this situation, the ROI in the present study only encompassed NP and inner annulus fibrosus. In our study, the T2 values of the discs with Pfirrmann grade IV-V (40.20 ms; 34.93 ms) were substantially lower than the discs with Pfirrmann grade I-III. There was a significant difference between the T2 values of the NPs with Pfirrmann grade IV and V. Previous studies have demonstrated that T2 values in the NP and AF decrease in accordance with lumbar IVDD, and, ultimately, difference in T2 SI between this two anatomical structures close to zero [21] , which is consistent with results of the former study. Thus, comparison of T2 values of NP may also be valuable in the evaluation of disc degeneration. Moreover, the T2 values in cervical discs were lower than those previously results in healthy lumbar discs [12, 13, 22] .
A degeneration IVD can also occur in CTJ. Strictly speaking, CTJ should contain the C7 vertebra, the disc between C7 and T1, and attachment of ligaments [4] . C7T1 disc herniation is responsible for less than 5% of all the cervical disc herniations [23] . In most of these patients, the common presenting symptom involving hand weakness and pain radiating to the lateral aspect of the hand were the same symptom as C2-7 IVD herniation [23] . Moreover, previous study reported that the incidence of the disc degeneration at C7T1 is 42% [24] . Another study reported cases that C7T1 IVDD occurred after C5-7 fusion [25] . Therefore, the clinical importance of the CTJ region may be related to the claimed concerning of region with neck and shoulder pain [26] and should be emphasized. In our study, T2 values of NP of C7T1 were higher than C2-7 with regard to Pfirrmann I and II, however, we found that most observations of C7T1 show no difference with the results of C2-7, The same as C2-7, the decreasing T2 values among different grades might attribute to decreasing water content and structural disorganization with severity increasing of disc degeneration.
Some previous studies showed no significant difference in T2 values between grade IV and V [12, 13] of lumbar which was in disagree with our present study. This difference may attribute to the various biochemical properties between cervical and lumbar IVDs, and measurement method. In accordance with our previous study, the T2 values were lower than former reported in lumbar discs [9, 13] which was a result of different biochemical changes among cervical, thoracic and lumbar [21] .
It is important to realize that the correlation coefficients of T2 values of NP referring to grades and T2 values obtained in this study range between moderate and strong. This might be attributed to the relative large sample size. Moreover, the results also explained that the T2 value in the IVD is known to be sensitive to the composition of the collagen network structure and water content. Previous study reported that the T2 values are influenced by both rotational and translational motion which result in dipole-dipole interaction of water molecules in the collagen matrix [6] .
Sekhon et al. confirmed a good to excellent correlation of T2 values, water content and PG content in IVD tissue [27] . Moreover, the inverse correlation has been observed between age and T2 values in the current study and several former studies [28] . As we known, it is difficult to distinguish a painful degenerative disc from one with age-related physiologic changes, therefore, we recruited a well-defined asymptomatic population for the current study for inspecting the effect of aging on T2 values. Given that previous studies recruited and analyzed IVDs of asymptomatic volunteers [11, 28] , we had a much wider range of age resemble those researches and were a discrepancy compared to that in a previous study [29] , which confirmed the inverse correlation between age and T2 values only for grade II discs in 20 patients with lumbar back pain or radiculopathy. However, it is important to point out that we did not consider the equivalence of age range and the balanced age distribution, that could introduce influence when analyze difference of disc degeneration for both the asymptomatic and symptomatic groups. Nevertheless, some authors also confirmed that T2 value is useful to evaluate IVDD after either distinguishing age groups or not [12] .
The T2 maps can be generated and measured immediately after MRI scan, and the ROI analysis takes about 3 min for each patient. Moreover, an automated segmentation of the IVDs may facilitate acquiring promising initial data attribute to ongoing efforts in the future. Therefore, quantitative information reflecting the biochemical composition of IVDs can be provided without extensive increase in time.
ROC between each grade of the NP generated cutoff values obtaining from area under the curve (AUC) values for disc degeneration quantification via T2 SI. In this study, it was in consistent with previous study [12, 13] that all AUC values were within the moderate accuracy range, indicating a moderate level of reliability. These data demonstrated that this T2 valuebased grade scale for the NP is a useful distinguishing system. Furthermore, the high correlation in the inter-and intraobserver analysis suggest that our standardized ROI positioning is adequately reproducible.
Naturally, this study has some limitations. Firstly, the major limitation of our study is no histological or biochemical analysis of IVDs performing. Secondly, partial volume effects still existed attributing to subjectivity and bias of ROIs selection. Thirdly, we did not compare some other imaging techniques such as T1p, T2*(star) or ADC and so on to results of T2 relaxation time [22, 30, 31] , however, many studies had verified the practicability of this technique alone to diagnose lumbar IVDD [15, 32] . Additionally, the CTJ structure is not strictly defined. Some investigators involve thoracic 2 and sometimes thoracic 3 vertebrae and thoracic 2-3 disc and associated ligaments when discussing the CTJ, however, lesions involving the thoracic 2 and thoracic 3 vertebrae often face similar difficulties in reaching them through an anterior approach [4] . What's more, a selection bias surely exists in the subject enrollment of all clinical prospective studies and cannot be fully removed. Exclusion criteria used in our study included diseases such as diabetes mellitus, major systemic disease, tumor, infection, back surgery, and so on, of which back pain is the main complain, and the IVDs of the patients who suffering those diseases are prone to degeneration [33, 34] . We established the same exclusion criteria for all participants in order to minimize the influence of selection bias. Furthermore, thoracic 2-3 IVDs should be studied in the future for better understanding of CTJ.
Conclusions
In summary, our results proved a negative correlation between T2 values of cervical and CTJ IVDs and the Pfirrmann grades regarding IVDD. What should be highlighted is that we proposed the distinct cut-off values of the classification based on quantitative evaluation. Thus, the T2 value-based measurements of IVD water content and PG may be useful for estimating cervical and CTJ degenerative disc diseases.
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